Introduction
Sequence-controlled polymers, such as oligonucleotides and polypeptides, are remarkable macromolecules in which the order of the building blocks along the polymer chain provides all necessary instructions for efficient structural control, molecular recognition and catalysis. 1 In particular, polypeptide chains are programmed to fold themselves into final predetermined structures with very high accuracy to construct important biological nanomachines. Although such a level of structural and functional complexity has not been fully realized synthetically, 1 the field of DNA nanotechnology offers a powerful tool to create finely designed two-and three-dimensional architectures and devices by using DNA as the main building block. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, a large number of DNA strands of unique sequences are generally required for the assembly of more complex structures. This decreases scalability and can theoretically increase assembly errors, due to the limited four-letter A-T and G-C ÔlanguageÕ in DNA assembly.
The incorporation of multiple molecular interactions within the same building block is an efficient strategy to achieve complex and hierarchical assembly in biological systems. Of these, hydrophobic interactions are the underlying mechanism for many structural elements in biology such as phospholipid bilayers, vesicles and many proteins. They are also a fundamental driving force for the selfassembly of synthetic block copolymers into various morphologies such as spherical micelles, cylindrical micelles and vesicles. 12 The integration of hydrophobic interactions with DNA base-pairing is a promising approach not only to overcome the complexity-scalability-error issues, but also to introduce new assembly modes and functionalities in DNA assembly. 13, 14 Inspired by protein folding, we would like to create assembly modules, like protein coiled-coil motifs, as elementary repeats in DNA nanotechnology, thus we need to understand the rules governing the interplay between the two languages in the assembly. However, one of the problems is the difficulty in the synthesis of DNA conjugated with hydrophobic molecules and polymers. Our group has recently developed an automated solid-phase synthesis to prepare monodisperse DNA-polymer conjugates based on phosphoramidite chemistry. 15 This approach is not only convenient, rapid and high yielding but also allows one to place functional monomers in a sequence-controlled manner on the polymer backbone.
The combination of DNA base-pairing with hydrophobic interactions can expand assembly modes to DNA nanostructures which would not be possible otherwise. DNA cages have emerged as promising platform for cellular delivery of therapeutics. [16] [17] [18] [19] [20] However, unmodified DNA/RNA structures suffer from nuclease instability, poor cellular penetration and rapid clearance in vivo. [16] [17] [18] [19] [20] Attaching hydrophobic functionalities and increasing the assembly range of DNA cages can be an effective method to overcome these barriers. To our knowledge, the implementation of hydrophobic interactions in the design of DNA nanostructures is still considerably unexplored. Some examples that integrate hydrophobic interactions with DNA nanostructures include self-folding of DNA rectangles mediated by cholesterol 21 and hydrophobic dendritic molecules, 22 and DNA tetrahedra functionalized with a thermoresponsive polymer that can transition between a discrete tetrahedron and giant-surfactant aggregates. 23 Recent work by our group has demonstrated the significant role of hydrophobic interactions in directing the association of alkyl chains on three-dimensional DNA scaffolds. The number and position of the chains on DNA cubes can dramatically alter their assembly behavior. 14, 24 In this article, we report an in-depth study of the self-assembly of sequence-defined hydrophobic polymers on DNA cages ( Figure 1 ). Our system allows the systematic change of cage structure and size, and orientation of individual polymer chains on the DNA scaffold. On the polymer end, the polymers are monodisperse and sequence controlled in such a way that we can precisely change the number of hydrophobic repeats, the relative number of hydrophilic to hydrophobic repeats, and the polymer sequence. We found that decoration of the polymers on the cages leads to new DNA whose diameter and density can be controlled by varying the length of the polymer blocks. We propose a mechanism for the hydrophobically-driven quantized self-assembly that is dependent on the chain length of the polymers, and we study the dynamic ability of the quantized DNA cage assemblies to undergo structural exchange. We thus demonstrate the efficient use of sequence-defined hydrophobic polymers to create orthogonal assembly modes which synergistically combine hydrophobic and base pairing interactions in the assembly of DNA nanostructures. Bottom right, depending on cage geometry, the intra-scaffold ÔhandshakeÕ occurs with a different number of hydrophobic polymer repeats, with different capacity for small molecules.
Results and discussion
Design of DNA cages and sequence-defined DNA-polymer conjugates DNA cages were chosen as scaffolds for three-dimensional positioning of DNA-polymer conjugates and were assembled via a Ôclip-by-clipÕ approach. 14, 24 The clips are 80-mer DNA strands (TP) and pentagonal prism (PP) can be generated from three and five clips, respectively, and structures were generated in quantitative or near quantitative yields (see Section V in Supporting Information).
To prepare sequence-defined DNA-polymer conjugates, 1,12-dodecane-diol (hexaethylene, HE) and hexaethyloxy-glycol (HEG) were chosen as hydrophobic and hydrophilic monomers (Figure 2b ).
These monomers were attached to a 19-mer DNA by automated solid-phase synthesis using phosphoramidite chemistry. 15 The DNA segments contain a 5T spacer and 14-mer complementary sequence to the single-stranded segments on the cages. A series of DNA-HE conjugates and DNA-HE/HEG copolymer conjugates were synthesized to systematically investigate the design parameters of DNA-polymer conjugates for their assembly behavior on DNA cages ( Figure 1b , and see Section IV in Supporting Information). 
Polymers: number of hydrophobic repeats
We had previously decorated DNA cubes with dendritic alkyl chains, and showed that a cube with 4 dendritic units on one of its faces can associate into a dimer via an intermolecular ÔhandshakeÕ of the hydrophobic units. 14 We also introduced hydrophobic polymers HE n -DNA (Figure 2b ) on one face of a DNA cube, and preliminarily showed their assembly into discrete aggregates, which we hypothesized to be cube dimer, tetramer, hexamer, etc. 24 With a very long alkyl component in HE n -DNA (n=12) on one face of a DNA cube, we showed the formation of a spherical micelle with a hydrophobic core, and DNA cubes on its exterior. This cube micelle displayed dynamic character (cubes can be removed by strand displacement), the ability to form higher-order micelle networks, and to act as a scaffold to organize fluorescent dyes into an antenna structure with controlled FRET.
24
To develop a better understanding of the rules for this hydrophobically driven assembly, it was crucial to further characterize the molecularity of the quantized cage aggregates. We thus examined the effect of the chain length of hydrophobic polymers HE n -DNA on their assembly with DNA cages ( Figure   3a , we name the DNA sequence on the polymer ÔDNAÕ). Cube C 4 has four identical single-stranded stretches on one of its faces, each complementary to the DNA strand of the DNA-polymer conjugates.
The decoration C 4 with four HE n -DNA was achieved by mixing all components in magnesium-containing When longer hydrophobic chains from HE 5 -DNA to HE 12 -DNA were added to C 4 , we no longer see the monomeric cube as a major product. Instead, we observe the combination of cubes into discrete aggregates. This is likely due to the increased hydrophobicity of the polymer chains attached to the cube, promoting cube association to hide these hydrophobic chains in the core (akin to a protein coiled-coil motif). The identity of C 4 /HE 6 -DNA was elucidated by atomic force microscopy (AFM). Figure 3c reveals elongated structures of two spheres, which accounted for 76% of population (cube dimers), and triangular structures with the edge length of ~30 nm (cube trimers, see below). Some disaggregation of the higher-order structures into individual cubes (diameter of !17-18 nm) was also noted on the mica surface, and can be attributed to strong electrostatic interactions between DNA and mica, that compete with the hydrophobic interactions holding together the DNA nanostructures. 21 The hydrodynamic size measured by dynamic light scattering (DLS) indicates that C 4 /HE 6 -DNA had low polydispersity, but was Page 6 of 22
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To further support the identity of C 4 /HE 6 -DNA, we tagged each cube with a gold nanoparticle (see Section VIII in Supporting Information) and preliminarily characterized the assemblies by transmission electron microscopy (TEM). We observed a larger population of the clusters containing 2 and 3 AuNPs in close proximity (see Supplementary Figure 15 ). The technique was complicated by sample-surface interactions, which sometimes resulted in populations of higher-order aggregates.
However, these observations are consistent with dimeric and trimeric structures as the identity of the higher-order structures for C 4 /HE 6 -DNA.
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Journal of the American Chemical Society   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 As the number of hydrophobic HE repeats on the polymer increased, increasingly large superstructures were formed. Interestingly, their aggregation number correlated with the number of HE repeats. Comparison of these bands to the DNA ladder allowed an estimation of relative Ômolecular weightÕ for each higher-order structure, and we can calculate a cube aggregation number by comparing these molecular weights to that of the monomeric structure. The results suggest that the cube aggregation number gradually increases by increments of one (see Section VII in Supporting Information). Thus, HE 7 -DNA gives dimer, trimer and tetramer, and HE 8 -DNA gives trimer, tetramer and pentamer. HE 9 -DNA to HE 12 -DNA give non-penetrating bands, which may be composed of incrementally higher cube aggregation numbers. However, it should be noted that the relationship between cube aggregation number and electrophoretic mobility can also be nonlinear.
Polymers: sequences of the polymers and relative numbers of hydrophilic to hydrophobic repeats
The monomer sequence along polymer chains can significantly influence polymer physical properties. To investigate this effect on DNA cages, we assembled cube C 4 with a series of copolymers of different sequences, all containing a constant number of 6 hydrophobic HE and 6 hydrophilic HEG repeats per chain. This includes alternating chains of single monomers (HE-HEG) 6 -DNA, two monomers (HE 2 -HEG 2 ) 3 -DNA, three monomers (HE 3 -HEG 3 ) 2 -DNA and six monomers (Figure 4a ). The latter polymer has two sequences; HEG 6 -HE 6 -DNA, in which the hydrophobic portion is between the DNA and HEG chains, and HE 6 -HEG 6 -DNA, in which the hydrophobic portion is at the chain-end. Only the latter structure among this copolymer series was previously shown to assemble into micellar aggregates, whereas the other structures remain as unimers in solution.
15
Decoration of these HE/HEG-DNA polymers on cube C 4 yielded monomeric structures ( Figure   4b , with one exception, see below). The electrophoretic mobility of these structures on native PAGE increased with HE block length, consistent with greater structure compaction. As the HE block becomes longer, the local hydrophobicity of individual HE segments increases, thus potentially enabling more efficient folding of the hydrophobic chains, which can make the structures increasingly compact and increases their gel mobility. Interestingly, these polymers did not result in cube aggregation, despite their relatively high hydrophobic content. These cages are especially interesting for applications in cellular delivery: they behave as monomers, yet their hydrophobic content can facilitate interaction with cellular membranes and modify their delivery profile. 18, 19, 25, 26 It is of note that this behavior is a direct result of sequence control of the polymers, where regular block copolymers would not be able to generate this property.
The exception to this monomeric assembly was C 4 /HE 6 -HEG 6 -DNA, which gave higher-order structures that appeared as a non-penetrating band on the native PAGE. The AFM images (Figure 4c) reveal polygonal rings containing 3-5 vertices with edge length of !30 nm. The size of the structures was also supported by DLS measurements (R h =14 nm). We believe that the flexible HEG block is able to serve as a spacer between hydrophobic HE domains and the cubes. The HE block of HE 6 -HEG 6 -DNA can form hydrophobic domains by interacting with the chains on the other cubes side-to-side, resulting in polygonal rings. As the HEG block might be a crucial parameter for the diameter of the ring-like structures, we hypothesized that a longer HEG block could create structures with larger spacing between the cubes. The hydrodynamic radius of C 4 /HE 6 -HEG 12 -DNA (18 nm) was indeed significantly larger than that of C 4 /HE 6 -HEG 6 -DNA. However, in this case, we also observed disassembly of some of the structures on the mica surface by AFM, which is likely due to the larger hydrophilic-to-hydrophobic content of this polymer (Figure 4c ).
To further increase the stability of this hydrophobic inter-scaffold ÔhandhakeÕ, we assembled 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 background. Thus, we can conclude that the addition of HEG repeats provides a spacer between DNA scaffolds and yields ring structures. To our knowledge, the assembly of DNA cages into Ôdoughnut-likeÕ ring structures is unprecedented. It is interesting that, despite the flexibility of both HE and HEG chains, we observed discrete cube assemblies here, rather than linear oligomers.
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Cages: orientation of the polymer chains on the cages
We previously reported that 8 dendritic HE units attached on both faces of a DNA cube result in an intramolecular association, with the ability to encapsulate molecules in the internal hydrophobic environment. 14 We were interested in probing the dependence of this phenomenon on polymer architecture and chain length (e.g., how many how many hydrophobic chains can fit inside the cage?).
Cube C 8 was designed to allow decoration with up to 8 polymer chains on both its top and bottom faces (Figure 5a ). A one-pot assembly of C 8 with HE n -DNA was performed. In Figure 5b , short HE chains generated monomeric structures with a sharp band on the gel. Interestingly, as the number of hydrophobic repeats increased, the electrophoretic mobility of this band increased (rather than decreased); it then remained constant at HE 4 -DNA until HE 6 -DNA. The structure of C 8 /HE 6 -DNA was characterized by AFM, which revealed mostly single spherical features with a radius of 9.6±4.8 nm, comparable to C 8 (see Supplementary Figures 32 and 33 ). DLS measurements (Figure 5c ) indicated that C 8 /HE 6 -DNA (R h =6.4±0.3 nm) was smaller than C 8 /DNA (R h =7.1±0.6 nm). A likely assembly mode here is that HE chains (HE 4 -HE 6 ) collapse and create a hydrophobic core inside the cube, resulting in a more compact structure similar to that of dendritic HE chains. 14 The formation of the hydrophobic core in C 8 /HE 6 -DNA was further supported by the encapsulation of hydrophobic Nile Red fluorescent dye. 28 Compared to a cube decorated with unmodified DNA, there was a significantly higher fluorescent signal of Nile Red in C 8 /HE 6 -DNA ( Figure 5d ).
As the number of hydrophobic repeats on the polymer increased, HE 7 -DNA started to form a cube dimer and longer hydrophobic chains resulted in higher-order structures as the major product. Thus, up to 6 HE chains per polymer can be accomodated in the cube core (a total of 48 HE chains), beyond which intermolecular assembly sets in. Both AFM and DLS measurements suggested that extended structures formed in the case of C 8 /HE 8 -DNA and C 8 /HE 12 -DNA (see Section XI and XII in Supporting
Information for DLS and AFM).
Cages: structures and sizes of the cages
The clip-by-clip approach allows the efficient construction of cages with various geometries and sizes. This geometric variation offers more design parameters to control the number and the orientation of the polymers on the cages. It allows us to answer the question: can the cage geometry change the onset of assembly? To investigate this effect, triangular prism (TP) and pentagonal prism (PP) were assembled with HE n -DNA in an analogous way to the cube C/HE n -DNA. With these chains on one face of the cage, the hydrophobically driven aggregation numbers for TP 3 and PP 5 were indeed different from those of the cube C 4 . With HE 6 -DNA on one face, TP 3 gave dimer, trimer and tetramer while C 4 and PP 5 gave only dimer and trimer (see Supplementary Figure 6 and 7 for TP 3 and PP 5 ). This can be explained by the smaller size of the triangular prism, allowing more cages to fit around the hydrophobic core. Thus, aggregation number can be tuned with the cage geometry.
With HE n -DNA on both faces, we expect that the smaller triangular prism can accommodate shorter polymer chains in its core than the cube, and the pentagonal prism would encapsulate larger polymer chains. Indeed, TP 6 could accommodate lengths up to HE 5 within its core (capacity 30 HE units), before the cage started to dimerize with HE 6 ; this transition occurred from HE 6 to HE 7 for the cube (capacity 48 HE units), and from HE 7 to HE 8 for the pentagonal prism (capacity 70 HE units, Figure 6a ).
The larger cages and higher total number of HE repeats per cage can in principle increase the loading capacity of hydrophobic guests. To verify this, we compared the loading capacity of the three different cages decorated with HE 6 -DNA (Figure 6b) . The results showed an approximately 2.5-fold increase in Nile Red loading capacity when the size of cages and thus total number of HE 6 -DNA increased: 9.1±1.7 molecules per PP 10 /HE 6 -DNA, 3.6±1.2 molecules per C 8 /HE 6 -DNA and 1.5±0.4 molecules per TP 6 /HE 6 -DNA.
We had previously shown that the HE 6 -DNA conjugate forms micelles with a diameter of ~13 nm. 15 Yet if this polymer is fully stretched, it has a ~7 nm long DNA portion and a ~12 nm long hydrophobic chain. Considering the efficient chain packing of polyethylene 29 and the fact that HE chains are punctuated by phosphate groups, it is possible that they fold upon themselves to enable tight packing between adjacent HE repeats 15 in a similar way to the arrangement of phospholipid bilayers and bolaamphiphiles. 30, 31 This would result in a smaller micelle size and a tighter, more densely packed hydrophobic core. The same tight chain packing may be present in the core of the Ômicellar cagesÕ above, which may explain their relatively low loading capacity. It has been shown that the crystallinity of the hydrophobic core of block copolymer micelles tends to decrease the loading capacity for guest molecules, because of lower chain mobility that hinders the diffusion of the hydrophobic molecules. 32-34 While additional studies need to be performed to better understand the chain packing in our Ômicellar cagesÕ, we will also examine reducing the extent of core packing by using unsaturated lipids, rather than HE chains as the hydrophobic units. 
Assembly dynamics and thermodynamic properties
The cage architectures described here were all generated by a one-step thermal annealing protocol 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 Figure 56) . Thus with the intra-scaffold handshake, the DNA base-pairing and hydrophobic effects are acting synergistically, providing greater stability and assembly cooperativity to the cube-micelle structures. This is of significant importance for the biological applications of these structures.
We hypothesized that decoration of HE 6 -DNA on only one face of the cage (C 4 ) would not affect DNA hybridization to the same extent. C 4 /HE 6 -DNA exhibited a slight increase of 2 o C in T m compared to C 4 /DNA (Figure 8b ). Interestingly, increased cooperativity was also observed in this system, as indicated 
Conclusion
We have demonstrated the use of sequence-defined hydrophobic polymers to provide orthogonal assembly modes to DNA cages and to synergistically work together with base pairing interactions. A range of new structures can be accessed by fine-tuning of the length of hydrophobic blocks, the sequence order of the polymers and the orientation of the polymers on the cages. Short hydrophobic chains result in monomeric DNA cage structures that are decorated with alkyl or oligoethylene glycol units. Longer hydrophobic chains arranged on one face of the DNA prismatic cage result in quantized cube higher-order structures; here, the number of hydrophobic repeats defines the number of DNA cages that form these 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 aggregates. When these hydrophobic chains are organized on both faces of the cage, these chains point to the interior of the cage and undergo an intra-scaffold ÔhandshakeÕ. The sequence order of hydrophobic and hydrophilic monomers on the polymer chains can significantly control the interactions between hydrophobic blocks, resulting in monomeric cages and Ôdoughnut-shapedÕ DNA cage-ring structures for specific sequences. These DNA-polymer nanostructures can be alternatively viewed as amphiphilic block copolymers, where the hydrophilic block consists of a DNA cage, and the hydrophobic block has hexaethylene chains. However, unlike block copolymers, the two components are monodisperse, sequence defined, and the placement of hydrophobic polymers on the DNA cage is anisotropic. This gives rise to entirely new morphologies that are not observed with block copolymers, and provides guidelines for the design of DNA nanostructures mediated by hydrophobic interactions. It is remarkable that high specificity is achieved in these assembled structures despite the fact that the hydrophobic effect is one of the least directional supramolecular interactions. We have only worked with hydrophobic interactions so far, but the potential for structural complexity and protein-inspired folding is tremendous when additional interactions (fluorophilic, metal-binding, etc.) are introduced.
Supporting Information. DNA cage design and assembly, determination of cage aggregation number, gold nanoparticle labeling, characterization by DLS, AFM and TEM, Nile red encapsulation, studies of stability and cooperativity, effect of cage geometry and concentration, isolation of cage aggregates.
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